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Enterovirus 71 (EV71) is the major causative agent of hand, foot, and mouth disease (HFMD) in young
children and has been consistently associated with the most severe complications of the disease, including
central nervous system inflammation and pulmonary edema. Increasing frequency and amplitude of EV71
outbreaks have raised awareness and concerns worldwide. Previous reports proposed that overwhelming virus
replication combined with the induction of massive proinflammatory cytokines is responsible for the patho-
genicity of EV71. Specifically, elevated interleukin-6 (IL-6) levels were observed consistently in patients and
strongly correlated with disease severity. In this study, we show in the neonate mouse model that sustained high
levels of IL-6 produced upon EV71 infection lead to severe tissue damage and eventually death of the animals.
Administration of anti-IL-6 neutralizing antibodies after the onset of the clinical symptoms successfully
improved the survival rates and clinical scores of the infected hosts. Compared to untreated infected controls,
anti-IL-6-treated mice displayed reduced tissue damage, absence of splenic atrophy, and increased immune cell
activation. In addition, markedly elevated systemic levels of IL-10 were measured in the protected animals.
Furthermore, there was no significant difference in virus titers between anti-IL-6-treated mice and untreated
mice, indicating that the anti-IL-6 antibody-mediated protection is independent of the virus load. Our findings
thus demonstrate that IL-6 plays a major role in EV71-induced immunopathogenesis. As there is still neither
vaccine nor treatment available against EV71, anti-IL-6 antibody treatment represents a potential therapeutic
approach to providing protection from the most severe complications of the disease.

Enterovirus 71 (EV71) is the major etiological agent of
hand, foot, and mouth disease (HMFD). It is a small, nonen-
veloped virus with a positive-stranded RNA genome size of
about 7.4 kb. Taxonomically, EV71 belongs to the Enterovirus
genus of the Picornaviridae family. Since its first description in
the United States in 1969 (41), EV71 has been associated with
several epidemics of HFMD, severe neurological disease, and
other complications in Australia, Europe, Asia, and the United
States (11, 15, 31). In recent years, multiple reports of large-
scale HFMD outbreaks in Singapore, India, Thailand, Hong
Kong, Malaysia, and Brunei have been received (38). In 2009,
the disease caused 155 deaths in China alone, where health
authorities reported 436,221 cases between 1 March and 31
May (55). Strikingly, EV71-mediated HFMD infections re-
ported in 2009 in Malaysia and Brunei increased tremendously
compared to levels for the same period the year before (55). As
there is no effective vaccine or antiviral treatment available on

the market, EV71 infections have increasingly become a public
health concern in developed and developing countries.

EV71 infection affects mainly infants and young children, is
transmitted via the oral-fecal route, and results usually in a
mild and self-limiting disease characterized by herpangina,
sore throat, and fever. However, EV71 infection may occasion-
ally lead to severe complications such as aseptic meningitis,
brain stem encephalitis, and acute flaccid paralysis, a polio-like
syndrome (4, 16, 27, 28, 56). Autopsies of EV71-associated
deaths revealed various contributing factors, including exten-
sive neuronal degeneration, severe central nervous system
(CNS) inflammation, and pulmonary congestion with hemor-
rhage (pulmonary edema [PE]) (5, 6). A number of animal
models have been developed to detail the pathogenesis of
EV71 infection (7, 33, 36, 54). However, the majority of the
research has been devoted to understanding the neurotropism
and neuropathogenesis of EV71, whereas the immunopatho-
genesis aspect of the viral infection has remained largely un-
known. As with many acute viral infections, the role of viral
versus immunopathological events in EV71 pathogenesis has
been discussed; it was proposed that overwhelming virus rep-
lication combined with the induction of massive proinflamma-
tory cytokines is responsible for the pathogenicity of EV71 (24,
25, 52). Indeed, high levels of interleukin-1� (IL-1�), IL-6,
IL-10, IL-13, gamma interferon (IFN-�), and tumor necrosis
factor alpha (TNF-�) in the serum and cerebral spinal fluid
(CSF) from EV71-infected patients have been consistently re-
ported (24, 51, 52). In particular, CSF levels of IL-1�, IL-6, and
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TNF-� were found significantly elevated in patients with PE
and encephalitis, demonstrating a strong correlation between
proinflammatory cytokine production and clinical severity in
EV71 infections (25, 54). Furthermore, administration of in-
travenous immunoglobulin (IVIG), a critical treatment upon
diagnosis of neuro-dysregulation in EV71-infected patients,
could effectively reduce the level of proinflammatory cytokines
such as IL-6 and IL-8 during the early phase of EV71-associ-
ated autonomic nervous system (ANS) dysregulation and pre-
vent further progression to PE (50). IVIG contains natural
anticytokine antibodies such as antibodies against IL-1, IL-6,
and interferons that modulate the cytokine cascade (1). As
there were no significant changes in neutralizing antibody (Ab)
titers against EV71 before and after the administration of
IVIG in the recovered patients, the changes in concentrations
of pro- and anti-inflammatory cytokines, as well as of soluble
cytokine receptor and receptor antagonists, are likely respon-
sible for the therapeutic effect of IVIG. Collectively, these
observations support the idea that proinflammatory cytokines,
especially IL-6, seem to play a prominent role in the over-
whelming disease process induced upon EV71 infection.

In this study, we assessed the role of IL-6 during EV71
infection in the neonatal mouse model (9, 40, 46). Our results
indicate that EV71 infection leads to the production of sus-
tained high levels of IL-6 in the animals, which correlated with
severe organ damage. Furthermore, the administration of anti-
IL-6 neutralizing antibodies after disease symptoms started to
manifest significantly improved the survival rate and prevented
clinical symptoms and disease severity from progressing fur-
ther.

MATERIALS AND METHODS

Virus and growth conditions. EV71 strain 5865/SIN/00009 (accession number
AF316321), designated strain 41, was propagated in rhabdomyosarcoma (RD)
cells at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen Life
Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen) with 100 U/ml penicillin and 10 �g/ml streptomycin (Invitrogen).
Once the cells displayed cytopathic effect (CPE), they were harvested, and
cellular debris was removed by centrifugation at 10,000 � g for 30 min. The virus
was purified by precipitation with 7% polyethylene glycol 8000 (PEG 8000)
(Sigma-Aldrich, St. Louis, MO) and then subjected to centrifugation on a 30%
sucrose cushion at 25,000 � g for 4 h. The 50% tissue culture infective dose
(TCID50) was determined in RD cells using the Reed and Muench formula (39).

Animals and treatments. Inbred BALB/c mice were obtained from the Centre
for Animal Resources (CARE) of the National University of Singapore. All
institutional guidelines for animal care and use were strictly followed throughout
the experiments. One-day-old mice were infected with a lethal dose (104

TCID50) of EV71 strain 41 in 100 �l via the intraperitoneal (i.p.) route. At the
time of viral challenge (day 0), or at 3 or 6 days postinfection, mice were injected
i.p. with purified neutralizing monoclonal rat anti-mouse IL-6 IgG monoclonal
antibody (anti-IL-6 MAb) (BD PharMingen, San Jose, CA) at 1.33 mg/kg per
mouse. Suckling mice from the control group were injected with 1.33 mg/kg/
mouse of purified rat IgG1 (isotype control) (BD PharMingen). All suckling mice
were monitored daily upon infection for occurrence of clinical symptoms and
mortality up to day 25 postinfection as the experimental endpoint.

Cytokine quantification. Blood was collected from mice of various groups at
the time points indicated in the figure legends and centrifuged for 10 min at
800 � g at 4°C. The sera were then frozen and stored at �80°C until further
examination. Brain, limb muscle, intestine, spleen, and lungs were harvested
from sacrificed animals at indicated time points, weighed, and homogenized in
500 �l of 1� phosphate-buffered saline (PBS) immediately. The homogenates
were centrifuged at 13,000 � g for 10 min at 4°C, and the supernatant was
collected and stored frozen at �80°C until further analysis. The levels of
cytokine were measured using a mouse IL-6 enzyme-linked immunosorbent

assay (ELISA) set and IL-10 ELISA set (eBioscience, San Diego, CA) ac-
cording to the manufacturer’s guidelines.

Histology. Mice were euthanized, and the tissues were harvested and imme-
diately fixed in a fixative decalcifier, Formica-4 (Decal Chemical Corporation,
Tallman, NY), for 72 h at room temperature. Fixed tissues were paraffin em-
bedded, sectioned, and stained with hematoxylin and eosin (H&E).

Virus quantification. Intestines from mice were aseptically harvested in
DMEM and homogenized for total RNA extraction using an RNeasy extraction
kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The
extracted RNA was then analyzed for the presence of EV71 using a real-time
hybridization probe and reverse transcription-PCR (RT-PCR) for the detection
of EV71 RNA as described previously (45). Each assay was carried out in
triplicates.

Flow cytometry analysis. Spleens were harvested, and total splenocyte suspen-
sions were prepared and stained with the following antibodies: Pacific blue-
conjugated anti-CD4 (RM4-5; eBioscience), fluorescein isothiocyanate (FITC)-
conjugated anti-CD8� (53-7.7; eBioscience), Cy-5-conjugated anti-CD19 (6D5;
Beckman Coulter, Brea, CA), phycoerythrin-conjugated anti-CD69 (H1.2F3;
eBioscience), and allophycocyanin (APC)-conjugated anti-CD138 (281-2; BD
Biosciences) for 45 min on ice. The stained cells were then analyzed by a Cyan
Flow Cytometer using Summit software (Beckman Coulter).

Statistics. All statistical analysis was done with GraphPad Prism, version 5.0
(GraphPad Software, San Diego, CA), for Mac. Kaplan-Meier survival curves
were analyzed by a log rank test. Clinical disease score curves were analyzed by
a Wilcoxon test. Other experiments were analyzed by a two-tailed Student’s t test,
for which a P value of �0.05 was considered significant.

RESULTS

Systemic and local levels of IL-6 are elevated in EV71-
infected mice. One-day-old suckling BALB/c mice were in-
fected with a lethal dose (104 TCID50) of EV71 strain 41, a
lab-passaged strain that originates from a fatal human case
(43). As described previously by us (9), the infected pups dis-
played a range of clinical symptoms over the course of infec-
tion including hunched back, reduced motility, hind limb pa-
ralysis, and eventually death at day 12 postinfection.
Furthermore, the systemic levels of IL-6 were monitored over
the course of infection and were compared to age-matched
noninfected animals. Significantly higher levels of serum IL-6
were measured in the EV71-infected mice and gradually in-
creased over time with a peak observed at day 9 postinfection
(Fig. 1).

In addition, local IL-6 production in the brain, muscle, in-

FIG. 1. Systemic IL-6 level in EV71-infected mouse neonates.
Groups of 1-day-old suckling mice were challenged with EV71 strain
41 at a lethal dose of 104 TCID50 per mouse. At days 4, 6, and 9
postinfection (PI), four mice per group per time point were sacrificed,
and individual serum samples were collected for IL-6 quantification by
ELISA. The results are expressed as the mean � standard error of the
mean of the four serum samples.
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testines, spleen, and lungs from EV71-infected mice was ana-
lyzed. Consistent with the increased IL-6 production measured
in the serum, IL-6 levels were significantly higher in the various
organ homogenates prepared from EV71-infected animals
than in those from noninfected controls (Fig. 2). These results
thus indicate that a single intraperitoneal (i.p.) inoculation
with EV71 stimulates the local and systemic inflammatory re-
sponse, as shown by increased tissue and serum levels of IL-6.

Anti-IL-6 antibody treatment protects mice from lethal
EV71 infection. Previous literature indicates that high levels of
serum and CSF IL-6 correlate with disease severity in EV71
patients (24, 51) and that they play an important role in the
development of the meningitis-associated inflammatory reac-
tion (54). We thus examined whether IL-6 blockade may im-
prove the disease outcome in the mouse model of EV71 in-
fection.

One-day-old suckling BALB/c mice were lethally infected
with EV71 strain 41 and were injected i.p. 3 or 6 days later with
a monoclonal anti-IL-6 IgG neutralizing antibody at 1.33
mg/kg of body weight. A control group was injected with an
irrelevant IgG antibody (isotype Ab). An additional control
group of noninfected pups was i.p. injected with anti-IL-6 neu-
tralizing antibody.

In a first set of experiments, mice from all groups were
sacrificed at day 9 postinfection, and their systemic levels of
IL-6 were measured individually. The results showed that a
single dose of anti-IL-6 antibody given at day 3 or day 6 post-
EV71 infection significantly reduced the serum IL-6 concen-
tration to a level comparable to that measured in the unin-
fected mice, whereas high IL-6 levels were detected in
nontreated infected mice and in EV71-infected mice injected
with an irrelevant antibody (Table 1).

In a second set of experiments, survival of the mice from
each of the groups described above was monitored over 25
days post-EV71 infection. Anti-IL-6 treatment resulted in sig-
nificantly improved survival of the infected pups when the
treatment was administered at day 3 or day 6 postinfection,
with a 67% and 50% survival rate, respectively, whereas the
survival rate of the untreated infected mice was 25% (Fig. 3A).
Infected mice treated with an irrelevant IgG antibody dis-
played a survival rate similar to that of the infected nontreated
group (data not shown).

To further evaluate the protective potential of the anti-IL-6
antibody treatment, the mean clinical score was determined for
each mouse group upon daily observation and recording of
relevant clinical manifestations. Mice from the untreated in-
fected group (Fig. 3B) or from the group treated with an

FIG. 2. IL-6 production in the brain, muscle, intestines, spleen, and lungs from EV71-infected mouse neonates. Groups of 1-day-old suckling
mice were challenged with EV71 strain 41 at a lethal dose of 104 TCID50 per mouse. At days 4, 7, and 10 postinfection, four mice per group per
time point were sacrificed, and various organs were harvested and homogenized. The levels of IL-6 in the brain (A), muscle (B), intestine (C),
spleen (D), and lung (E) homogenates from naïve (open bar) and EV71-infected (black bar) animals were quantified individually by ELISA. The
results are expressed as the means � standard error of the means. *, P � 0.05; **, P � 0.01 (in relation to naïve group).

TABLE 1. Systemic IL-6 levels in EV71-infected mice either
untreated or treated with anti-IL-6 neutralizing

antibodies postinfectiona

Animal treatment group Mean IL-6
(pg/ml 	SEM
)

Naı̈ve ..................................................................................... 19.61 (4.72)
Anti-IL-6 only ...................................................................... 68.80 (21.04)
EV71 challenge � anti-IL-6 (day 3)................................. 51.23 (31.62)
EV71 challenge � anti-IL-6 (day 6)................................. 7.51 (1.88)
EV71 challenge � isotype Ab ...........................................682.17 (36.74)
EV71 challenge....................................................................668.78 (59.34)

a Groups (n � 4) of 1-day-old suckling mice were lethally challenged with
EV71 strain 41 at a lethal dose of 104 TCID50 per mouse. Two groups received
neutralizing anti-IL-6 antibodies at 1.33 mg/per kg of body weight on day 3 and
day 6 postinfection. At day 9 postinfection, individual serum samples were
collected for IL-6 quantification. Serum samples were diluted 1:25.
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irrelevant antibody (data not shown) typically displayed re-
duced motility at day 4. The disease severity then developed
progressively to limb weakness at day 5 and hind limb paralysis
from day 8 postinfection onwards; the majority of the animals
died by day 12 postinfection. The anti-IL-6 antibody-treated
mice exhibited symptoms similar to those of the untreated
controls during the early course of infection (before the anti-
body treatment was administered), i.e., hunched back, reduced
motility, and limb weakness (Fig. 3B). However, as soon as
24 h after antibody treatment, further manifestations of clinical
symptoms stopped, and the mice eventually recovered their full
motion capabilities.

Collectively, these data demonstrate that treatment up to at
least 6 days postinfection with anti-IL-6 neutralizing antibodies
significantly protects neonatal mice against EV71 infection,
improving the survival rate and preventing the most severe
clinical symptoms from manifesting.

Anti-IL-6 antibody treatment prevents tissue damage in
EV71-infected mouse neonates. We along with others have
previously reported severe tissue damage in the mouse model
of EV71 infection (9, 46, 53). To further assess the protective
effect of an anti-IL-6 neutralizing antibody treatment, central
and peripheral nervous systems, brains, limb muscles, intes-
tines, and spleens from uninfected mice and treated and un-
treated infected animals were harvested at day 10 postinfec-
tion, and a comparative histopathology analysis was
performed. No marked lesions and/or obvious signs of inflam-
mation in the brain and central or peripheral nervous tissue
were observed from the infected animals (data not shown). In
contrast, massive muscle damage characterized by the pres-
ence of foci of myositis and myonecrosis associated with neu-
trophilic infiltration was observed in the limb musculature
from EV71-infected mice (Fig. 4B and F). Moreover, no ap-
parent tissue damage was noticed in limb muscle from the
anti-IL-6-treated mice (Fig. 4C, D, G, and H). However, com-
pared to noninfected animals, the limb musculature of the
anti-IL-6-treated mice displayed slight myofiber regeneration
with nuclear rowing, suggesting signs of recovery from the virus
infection (Fig. 4G and H).

Histological analysis of the intestines from untreated EV71-

infected mice revealed dilation of the villi as well as mild
villous blunting with associated crypt hyperplasia, suggesting a
substantial degree of tissue damage in the intestines (Fig. 4J).
In contrast, no apparent tissue damage was noticed in intes-
tines from anti-IL-6-treated mice (Fig. 4K and L). However,
compared to noninfected animals, slight thickening of the in-
testinal epithelium could be observed in the anti-IL-6-treated
group, indicating some degree of mucosal inflammation.

The spleens harvested from untreated infected mice were
strikingly smaller in size than the spleens from naïve or anti-

FIG. 3. Survival rate and clinical score of EV71-infected mouse neonates either untreated or treated with anti-IL-6 antibodies postinfection
(PI). Groups of 1-day-old mice were lethally infected with EV71 strain 41 and treated with anti-IL-6 antibodies at 1.33 mg/kg of body weight at
3 days (D3; n � 9) or 6 days (D6; n � 12) post-EV71 challenge. The control groups are either uninfected animals (Naïve; n � 6) or untreated
EV71-infected animals (Untreated; n � 8). The survival rates and clinical scores were determined for each mouse group based on daily observation
of the animals. Clinical scores were defined as follows: 0, healthy; 1, ruffled hair, hunchbacked; 2, reduced mobility; 3, limb weakness; 4, limb
paralysis; and 5, death. *, P � 0.05; **, P � 0.01 (in relation to the untreated group).

FIG. 4. Histological examination of the muscles, intestines, and
spleen from EV71-infected mice either untreated or treated with
anti-IL-6 antibodies postinfection. EV71 infection and anti-IL-6
antibody treatment were performed as described in the legend of
Fig. 3. At day 10 postinfection, three mice per group were eutha-
nized. Paraffin sections of the limb muscle, intestines, and spleen
were stained by hematoxylin and eosin. The specimens shown are
representatives of three mice in each group with similar histologies.
Observations were made at magnifications of �2.5 (A to D and M
to P) and �20 (E to H and I to L).
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IL-6-treated groups (Fig. 4M to P). In addition, signs of im-
mune cell activation and proliferation were observed in the
spleens from the anti-IL-6-treated mice, as evidenced by the
enlargement of the white pulp compared to the red pulp (Fig.
4O and P). Fluorescence-activated cell sorting (FACS) analysis
further revealed a reduced number of total splenocytes in
EV71-infected animals which likely accounted for the splenic
atrophy visually observed in this animal group, whereas anti-
IL-6 treatment resulted in a marked increase of the total num-
ber of splenocytes over time (Fig. 5). Such an increase was
reflected by an increase of various immune cell populations,
including CD4� and CD8� T cells and B cells, as well as their
activated counterparts, further supporting the histological ob-
servations (Fig. 5).

Altogether, these data demonstrate that treatment with anti-
IL-6 neutralizing antibodies prevents EV71-induced organ
(muscle and intestine) damage and spleen atrophy and results
in strong immune cell activation.

Anti-IL-6 antibody treatment did not affect the viral load.
To further characterize the anti-IL-6 antibody-mediated pro-
tection against EV71, the viral load was determined by real-
time PCR as described previously (45) in the anti-IL-6-treated
mice and compared to the load in untreated infected controls.
While PCR amplification was obtained from blood, intestines,
and brain samples (data not shown), the intestines represent
the only tissue from which viral RNA could be consistently and
reproducibly extracted and quantified. No significant differ-
ences in the intestinal viral loads were found between treated

and untreated groups over the course of infection, demonstrat-
ing that the protective effect of neutralizing anti-IL-6 antibod-
ies does not result in reduction of the viral load (Fig. 6).
Importantly, this observation further supports the idea that
EV71-induced clinical manifestations and disease outcome are

FIG. 5. Spleen cell composition in EV71-infected mice either untreated or treated with anti-IL-6 antibodies postinfection (PI). EV71 infection
and anti-IL-6 antibody treatment were performed as described in the legend of Fig. 3. At days 4, 7, and 10 postinfection, four mice per group and
per time point were euthanized, and their spleens were harvested and pooled. Total splenocytes were counted or stained with monoclonal
antibodies specific to CD4, CD8, CD19, CD69, and CD138 and analyzed by flow cytometry. The data show the absolute numbers of total
splenocytes and the respective cellular subsets as indicated.

FIG. 6. Viral load in the intestines of EV71-infected mice either
untreated or treated with anti-IL-6 antibodies postinfection. EV71
infection and anti-IL-6 antibody treatment were performed at day 3 or
6 postinfection as described in the legend of Fig. 3. Four animals per
group and per time point were sacrificed, and their intestines were
harvested and homogenized immediately. The viral load was deter-
mined by real-time PCR and is expressed as the mean value of the
number of viral genome copies/g of tissue. The data represent the
means � standard error of the means of the four homogenates for
each group.
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not a direct consequence of the cytopathic effect of the virus
but, rather, result from an exacerbated and uncontrolled in-
flammation reaction, which leads to the host tissue damage.

Anti-IL-6 antibody treatment increased serum IL-10 pro-
duction. Our data support the notion that anti-IL-6 neutraliz-
ing antibodies protect against EV71 infection via the reduction
of the systemic and local inflammation reaction, thereby lead-
ing to limited tissue damage and reduced disease severity. To
further confirm this hypothesis, the levels of both IL-6 and
IL-10 were determined over the course of infection in treated
and nontreated infected animals, and the ratio of IL-10 to IL-6,
as a reflection of the inflammatory status of the animals, was
derived. Upon treatment with anti-IL-6 antibodies, the serum
concentration of IL-6 was brought back to basal levels while
the serum concentration of IL-10 increased and was signifi-
cantly higher than that measured in the infected untreated
animals (Fig. 7). These data translated into IL-10/IL-6 ratios
that were significantly higher in mice treated with anti-IL-6
antibodies than in uninfected mice (Table 2).

In conclusion, these data confirm that treatment with anti-
IL-6 neutralizing antibodies given at day 3 or 6 postinfection
changes drastically the pro- versus anti-inflammatory balance
of the immune response, thereby counteracting the strong in-
flammation induced upon EV71 infection.

Anti-IL-6 treatment at the time of infection is detrimental to
the mice. Previous literature reported that IL-6 knockout (KO)
mice were more susceptible to EV71 infection than their pa-
rental counterparts, suggesting a protective role for IL-6 dur-
ing EV71 infection (26). In contrast, we found that anti-IL-6
antibody treatment resulted in better survival and clinical out-

come, thus suggesting instead that IL-6 is detrimental to the
host. These apparent contradictory observations may indicate
that while IL-6 is beneficial and necessary to the host at an
early stage of the infection to trigger the antiviral innate and
adaptive immunity, thereby limiting viral replication, sustained
elevated levels of this proinflammatory mediator over the
course of infection are harmful and are responsible for the
immunopathological aspect of the disease. To test this hypoth-
esis, mice were cotreated with anti-IL-6 antibodies at the time
of EV71 infection (day 0). Survival rates and clinical scores
indicated that the treated animals died significantly faster than
the untreated infected mice (Fig. 8), thus supporting previous
observations with IL-6 KO mice (26). Consistently, mice co-
treated with anti-IL-6 antibodies at the time of infection dis-
played severe tissue (limb muscle) damage, with myonecrosis
even more pronounced than in the untreated infected animals,
and spleen atrophy (Fig. 9). FACS analysis further revealed
that the antibody treatment at the time of infection resulted in
reduced total numbers of splenocytes and reduced production
of various immune cell populations, including CD4� and
CD8� T cells and B cells, as well as their activated counter-
parts (see Fig. S1 in the supplemental material). The reduced
numbers were either comparable to or even lower than those
obtained with the nontreated infected animals.

However, unexpectedly, either the intestinal viral loads were
comparable (days 1 and 4 postinfection) in the treated and
untreated groups, or they were significantly lower (day 7
postinfection) in the treated group than in the untreated ani-
mals (Fig. 10A), in contrast to a previous study that reported
higher viral loads in IL-6 KO mice (26). Furthermore, systemic
levels of IL-6 in the anti-IL-6-treated animals were higher than
the levels measured in the untreated mice (Fig. 10B). Alto-
gether, these data and observations indicated that the admin-
istration of anti-IL-6 antibodies at the time of infection para-
doxically triggered increased systemic levels of IL-6, which
resulted in lower viral loads but severe immunopathology with
a worse disease outcome.

DISCUSSION

IL-6 is a pleiotropic cytokine with a variety of biological
activities. It plays a key role in both pro- and anti-inflammatory

TABLE 2. IL-10/IL-6 ratios in EV71-infected mice either untreated
or treated with anti-IL-6 antibodies postinfectiona

Day
postinfection

Mean IL-10/IL-6 ratio by treatment group (SEM)

Naı̈ve Treated (day 3) Treated (day 6) Untreated

4 23.65 (5.83) 18.40 (3.27) 1.90 (0.87) 5.73 (2.74)
7 103.76 (50.68) 436.42 (225.38) 7.42 (1.37) 2.00 (0.47)
10 50.57 (9.88) 311.22 (15.37) 121.28 (32.16) 0.82 (0.56)

a EV71 infection and anti-IL-6 antibody treatment were performed as de-
scribed in the legend of Fig. 3. At the indicated time points postinfection, four
mice per group per time point were sacrificed, and their blood was collected to
determine the IL-6 and IL-10 serum concentrations.

FIG. 7. Serum IL-6 and IL-10 levels in EV71-infected mice either untreated or treated with anti-IL-6 antibodies postinfection. EV71 infection
and anti-IL-6 antibody treatment at day 3 or 6 postinfection were performed as described in the legend of Fig. 3. Four animals per group were
sacrificed at the indicated time points, and individual serum samples were collected for IL-6 and IL-10 quantification. Serum samples were diluted
at 1:25. The data are expressed as the means � standard error of the means of the four serum samples per group and per time point. **, P � 0.01,
in relation to untreated group.
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responses and has been observed in the context of infection,
inflammation, and autoimmunity (17, 19). Typically, IL-6 is
induced following pathogen stimulation as part of the innate
inflammatory response, and it functions as the main inducer of
acute-phase response and T- and B-cell stimulation (18). As
such, IL-6 is an essential participant in the control of microbial
infection in which it serves as a major signal that recruits and
activates cells involved in inflammation and the induction of
adaptive immunity for pathogen clearance (20).

On the other hand, there is increasing evidence that high
levels of IL-6 can overwhelm immune defenses and cause se-
vere autoimmune and chronic inflammatory proliferative dis-
ease (16). In mice, IL-6 was reported to be pathogenic in
bacterial sepsis and meningitis as well as during influenza A
virus infection (14, 21, 30, 44). A number of clinical studies
have suggested that IL-6 overproduction could be responsible
for severe forms of EV71 brainstem encephalitis (24, 25, 50, 52,
54). Treatment with IVIG resulted in a rapid decrease in IL-6
levels in both serum and the CNS, without a significant change
in anti-EV71 antibody titers (50). These observations highlight
the possibility that the EV71-induced systemic inflammatory
response is a result of IL-6 overproduction that may contribute
to the severe EV71-associated complications such as meningi-
tis and pulmonary edema. Here, we demonstrate the detrimen-
tal effect of high and sustained systemic levels of IL-6 induced
upon EV71 infection in the neonatal mouse model and the
possibility to improve the disease outcome via the administra-
tion of anti-IL-6 neutralizing antibodies.

The lack of a suitable animal model of EV71 infection has
resulted in limited knowledge in EV71 pathogenesis and has
greatly hampered the development of effective prophylactic
and therapeutic treatments. Experimental infection has been
reported in cynomolgus monkeys, but their use is limited due
to ethical and economic concerns (13, 33). Furthermore, only
10% of infected monkeys develop clinical symptoms, which
reflects human clinical disease but which makes such a model
impractical at the experimental level. As for mice, adult im-
munocompetent mice are not permissive to EV71 infection,
and a mouse-adapted strain of EV71 has been obtained by
serial passages of the virus in the mouse brain; although it was
more virulent compared to its parental counterpart, this
mouse-adapted EV71 strain displayed a relative infectivity lim-
ited to 14-day-old or younger mice (36). In addition, adapting
the virus through serial passages in mouse brain has resulted in
the selection of a highly neurotropic virus strain, whereas vi-
ruses from the Picornaviridae family are known to exhibit di-
verse tissue tropisms (35, 49). Alternatively, we (9) along with
others (40, 46) have reported that 1-day-old neonatal mice are
susceptible to infection with non-mouse-adapted EV71 strains.

FIG. 8. Survival rate and clinical score of EV71-infected neonatal mice either untreated or cotreated with anti-IL-6 antibodies. Groups of
1-day-old mice were lethally infected with EV71 strain 41 and cotreated with anti-IL-6 antibodies (1.33 mg/kg of body weight/mouse) (Treated D0;
n � 15) at the time of infection. The control groups are either uninfected animals (Naïve; n � 6) or infected animals (Untreated; n � 10). The
survival rates and clinical scores were determined for each mouse group based on daily observation of the animals. Clinical scores were defined
as follows: 0, healthy; 1, ruffled hair, hunchbacked; 2, reduced mobility; 3, limb weakness; 4, limb paralysis; and 5, death. *, P � 0.05; **, P � 0.01
(in relation to the untreated infected group).

FIG. 9. Histological examination of the limb muscle, intestines, and
spleen from EV71-infected mice either untreated or cotreated with
anti-IL-6 antibodies. EV71 infection and anti-IL-6 antibody cotreat-
ment were performed as described in the legend of Fig. 8. At day 7
postinfection, three mice per group were euthanized. Paraffin sections
of the limb muscle, intestines, and spleen were stained by hematoxylin
and eosin. The specimens shown are representative of three mice per
group with similar histology. Observations were made at magnifica-
tions of �2.5 (A to C and J to L) and �20 (D to F and G to I).
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In this neonate mouse model of EV71 infection, the infected
pups typically display a range of clinical symptoms over the
course of infection, including hunched back, reduced motility,
hind limb paralysis, and eventually death at day 12 postinfec-
tion (9, 40). The present work provides further histopatholog-
ical insights on EV71 infection in the neonate mouse model.
Whereas no sign of tissue damage was observed in the brain
and central and peripheral nervous systems, a high level of
inflammation and severe tissue damage were apparent in the
limb muscle from the infected mice, which is likely to be re-
sponsible for the hind limb paralysis observed and which sug-
gests a myotropism of the virus in this animal model.

In addition, mild tissue damage in the intestines and splenic
atrophy correlating with a reduced number of total splenocytes
were noticed in the infected animals. A decrease in various
immune cell populations including CD4� and CD8� T cells
and B cells was measured. Consistent with this observation, a
previous study reported that whereas the white blood cell
counts increased in EV71-infected patients, the amounts of
NK cells and CD4� and CD8� T lymphocytes decreased dra-
matically during the first 2 days of hospitalization, and this
correlated with the occurrence of pulmonary edema (51).

Furthermore, in agreement with observations made in pa-
tients, EV71-infected neonatal mice displayed elevated levels
of systemic and local IL-6 throughout the course of infection,
which increased with disease progression.

To address the functional significance of increased IL-6 lev-
els after the onset of clinical symptoms, IL-6 neutralization was
initiated 3 days or 6 days post-EV71 infection of neonatal mice.
Such treatment successfully improved the survival rate and
clinical score of the infected animals, demonstrating the det-
rimental effects of the high levels of endogenous IL-6 produced
upon EV71 infection. In addition to reduced mortality and an
improved clinical score, the anti-IL-6-treated mice displayed
reduced myonecrosis, absence of splenic atrophy, and strong
immune cell activation. Such attenuation of disease severity
was not due to a better ability to control virus replication as
there was no significant difference in the intestinal virus titers
between anti-IL-6-treated and untreated infected animals.
Hence, our data indicate that the high levels of IL-6 produced

during EV71 infection play a major role in EV71-induced
immunopathogenesis.

Our finding appears to contradict two recent studies which
reported that IL-6-deficient mice infected with EV71 (26) or
coxsackievirus B3 (37), a close relative to EV71 that belongs to
the same genus, displayed increased disease severity compared
to their immunocompetent counterparts, and administration of
recombinant IL-6 early postinfection was sufficient to decrease
the chronic disease pathology (37). These studies thus sup-
ported a protective role for IL-6 during EV71 infection. Such
a protective effect was also described in a model of encepha-
lomyocarditis virus (EMCV) infection in which administration
of recombinant IL-6 postinfection was beneficial to the host
(18). In contrast, EMCV infection of mice constitutively over-
expressing IL-6 led to increased disease severity (47). Alto-
gether, these studies and the present work suggest that IL-6
production is beneficial to the host early postinfection to trig-
ger the antiviral host response through attraction of various
immune cells; however, sustained high levels of IL-6 may cause
tissue damage and immunopathology. To address this hypoth-
esis, anti-IL-6 treatment was administered at the time of EV71
infection (day 0). Such treatment worsened the disease out-
come, with mice dying even earlier than the untreated infected
controls. This observation thus supported previous data ob-
tained in IL-6 KO mice (26). However, the intestinal viral load
from the anti-IL-6-treated animals was significantly lower than
that in the untreated mice, which suggested that the treated
mice did not die because of overwhelming viral replication, as
reported in the IL-6 KO mice (26). Furthermore, we found
that the systemic levels of IL-6 upon administration of anti-
IL-6 antibodies were strikingly high compared to levels in the
infected untreated animals. Such a phenomenon has been pre-
viously reported and was attributed to the deregulation of IL-6
production and/or to the reduced clearance of the antibody-
antigen complexes circulating in the serum although no exper-
imental evidence has ever been provided to support or refute
these hypotheses (10, 48). The fact that we did not observe
such a phenomenon when the antibodies were administered at
day 3 or 6 postinfection would support the first scenario al-
though one would have to assume that regulation of IL-6

FIG. 10. Viral load and systemic IL-6 levels in EV71-infected mice either untreated or cotreated with anti-IL-6 antibodies. EV71 infection and
anti-IL-6 antibody cotreatment were performed as described in the legend of Fig. 8. Four animals per group per time point were sacrificed for blood
collection and intestine harvest. (A) The viral load in the intestine homogenates was determined by real-time PCR and expressed as the mean value
of the number of viral genome copies/g of tissue. The data represent the means � standard error of the means of the four intestine homogenates
per group per time point. *, P � 0.05 in relation to the untreated infected group. (B) Systemic IL-6 concentration was measured by ELISA from
serum samples diluted 1:25. The data represent the means � standard error of the means of the four serum samples per group and per time point.
**, P � 001 in relation to the untreated infected group.
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production at day 0 of infection differs from that at day 3 or 6
postinfection. Histological analysis in the anti-IL-6-treated an-
imals revealed severe myonecrosis and splenic atrophy, thus
further supporting the immunopathological origin of the ani-
mals’ death.

IL-10 is a major anti-inflammatory cytokine as it interferes
with many signaling pathways that result in proinflammatory
cytokine and chemokine production and major histocompati-
bility complex class II (MHC-II) expression (32). IL-10 is pro-
duced by various immune cell types including subsets of acti-
vated dendritic cells, macrophages, activated regulatory T cells,
B cells, and subsets of natural killer cells following stimulation
of Toll-like receptor (TLR) ligands (8). Production of proin-
flammatory cytokines and IL-10 is initiated following the same
stimuli in a cell-intrinsic manner, and this acts to regulate the
inflammatory immune response (12). Therefore, the balance
between pro- and anti-inflammatory cytokines is critical, and
determining the ratio between major pro- and anti-inflamma-
tory cytokines helps in the evaluation of the inflammatory
status of an infected individual. The ratios of IL-10 to IL-6
were thus determined over the course of infection in untreated
mice and mice treated with anti-IL-6 neutralizing antibodies.
Anti-IL-6 treatment resulted in dramatically increased IL-10/
IL-6 ratios, reflecting the upregulation of IL-10 production in
the treated animals. As such, upregulation of IL-10 likely
helped constrain the inflammatory reactions and subsequent
tissue damage, as previously shown during infection with HCV
and HIV (3, 29, 34).

In conclusion, we showed that in the neonate mouse model
of EV71 infection, sustained high levels of IL-6 are detrimental
to the host by causing organ (limb muscle, in particular) dam-
age and spleen atrophy and that neutralization of IL-6 produc-
tion after the onset of the clinical symptoms significantly im-
proved the survival rate and clinical score, suggesting that
anti-IL-6 neutralizing antibodies represent an interesting ther-
apeutic approach to limiting disease progression and improv-
ing disease outcome in children infected with EV71. However,
given the immaturity of the adaptive immune system in mouse
neonates (2, 22, 23, 42), the actual role of IL-6 in EV71 patho-
genesis in humans may not be as critical as it is in the neonate
mouse model. It would thus be important and necessary to
evaluate the role of this proinflammatory mediator and assess
the effect of IL-6 neutralization in an immunologically mature
animal model when/if it becomes available.
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